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Abstract The prevalence of GPS total electron content (TEC) observations has provided an
opportunity for extensive global ionosphere-thermosphere model validation eﬀorts. This study presents
a year-long data-model comparison using the Global Ionosphere-Thermosphere Model (GITM) and the
Thermosphere-Ionosphere-Electrodynamics General Circulation Model (TIE-GCM). For the entire year
of 2010, each model was run and compared to GPS TEC observations. The results were binned according to
season, latitude, local time, and magnetic local time. GITM was found to overestimate the TEC everywhere,
except on the midlatitude nightside, due to high O/N2 ratios. TIE-GCM produced much less TEC and had
lower O/N2 ratios and neutral wind speeds. Seasonal and regional biases in the models are discussed along
with ideas for model improvements and further validation eﬀorts.
1. Introduction
An important application of global ionosphere-thermosphere (IT) models is in understanding and predicting
the total electron content (TEC) in the upper atmosphere. The advent of global TEC maps (Mannucci et al.,
1998; Rideout&Coster, 2006) has aﬀordedglobalmodelers the ability toperform large-scale data-model com-
parisons. Therefore, many studies have advocated the use of data assimilation to improve numerical models
of the ionosphere (Chartier et al., 2016; Chen et al., 2016; Hajj et al., 2004; Scherliess et al., 2008; Schunk &
Nagy, 2004; Schunk et al., 2005; Wang et al., 2004). The purpose of this study is to investigate the performance
of twomodels in comparison with GPS TEC data for the entire year of 2010. Results were compared for a vari-
ety of temporal and regional scales. In doing so, the capabilities of two diﬀerent modeling approaches were
quantiﬁed to highlight strengths and areas of bias in terms of TEC. This identiﬁcation may then be used to
investigate the sources of those biases in order to improve the models. Shim et al. (2012) performed a thor-
ough analysis of a number of ITmodels in response to nine diﬀerent events. This paper expands on that study
by focusing on just two models during an entire year of predominately quiet times.
Solar zenith angle-dependent photoionization by solar extreme ultraviolet (EUV) radiation is the largest
source of electrons in the dayside ionosphere (Hargreaves, 1992; Roble, 1995). As such, there are variations in
TEC by season (Adimula et al., 2016; Mannucci, 2005; Mendillo et al., 2005; Tsurutani, 2004; Wright, 1963), lat-
itude (Liu, Zhao, et al., 2009), local time (Scherliess et al., 2008), and the solar cycle and rotation period (Fejer
et al., 1979; Forbes et al., 2000; Liu, Wan, et al., 2009). Energetic particles from the solar wind and other geo-
magnetic events constitute another important source of TEC, especially at higher latitudes (Buonsanto, 1999;
Fuller-Rowell et al., 2006; Mendillo, 2006; Tsurutani et al., 2009; Zhu & Ridley, 2014).
Losses of ionospheric plasma are largely due to recombination of NO+ and O+2 which are produced by charge
exchange of O+ with N2 and O2 (Volland, 1995). Especially at middle and lower latitudes, forcing from the
lower atmosphere (e.g., Forbes, 1996; Goncharenko et al., 2010; Immel, 2005; Immel et al., 2009; Scherliess
et al., 2008) via eddy diﬀusion can cause vertical mixing of neutrals that inﬂuence the local atomic/molecular
ratio. Neutral winds can also push plasma up or down magnetic ﬁeld lines (Bramley & Young, 1968; Burrell
et al., 2012, 2013). Depending on the angle of the magnetic ﬁeld and direction of the wind, the winds can
move the height of the F2 peak to higher or lower altitudes (Hedin & Mayr, 1973; Jones & Rishbeth, 1971;
Muella et al., 2010; Rishbeth et al., 1978; Rishbeth & Mendillo, 2001). Electron density is then increased when
the plasma is pushed to higher altitudes where charge exchange rates with the thermospheric molecules are
lower. Similarly, downward winds act to reduce the electron density.
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The two models used in this study are the Thermosphere-Ionosphere-Electrodynamics general circula-
tion model (TIE-GCM) (Qian et al., 2013; Richmond, 1992; Roble et al., 1988) and the Global Ionosphere-
Thermosphere model (GITM) (Ridley et al., 2006). Version 1.8 of TIE-GCM was used. The most relevant
diﬀerences between these models are described in section 2.
2. Model and Data Description
GITM and TIE-GCM are parallel, three-dimensional, time-dependent codes that solve the fully coupled
momentum, energy, and continuity equations for both neutral and ion species. Both models use a steady
state approximation for the ion momentum equation. GITM uses a ﬁxed altitude grid from 100 km to 600 km
that allows for nonhydrostatic solutions to develop in the vertical momentum equation, while TIE-GCM has a
vertical grid with pressure surfaces extending from about 97 km to 500–800 km depending on solar activity.
The major neutral species in the TIE-GCM are N2, O2, and O. The advected species in GITM are N2, O2, O, N,
andNO. Both TIE-GCM andGITM advect O+ and no other ions. TIE-GCM assumes steady state electron density
chemistry. In GITM, electron precipitation was provided by Fuller-Rowell and Evans (1987) and electric poten-
tials were speciﬁed by Weimer (2005), driven by the upstream solar wind conditions observed from the ACE
spacecraft (McComas et al., 1998; Smith et al., 1998). TIE-GCM used the Weimer electric potential model and
the Emery et al. (2008) precipitation model. TIE-GCM and GITM were run for the entire year of 2010 with an
output cadence of 30 min.
The temperature anddensity of the thermosphere at the lower boundary of GITM (95–100 km)were speciﬁed
by the Mass Spectrometer and Incoherent Scatter (MSIS) model (Hedin, 1983, 1987, 1991). As such, seasonal
variations and diurnal and semidiurnal migrating tides were empirically included in GITM’s lower boundary.
The horizontal wind patterns at the boundarywere speciﬁed by theHorizontalWindModel (Drob et al., 2008).
The Flare Irradiance SpectralModel (FISM) (Chamberlin et al., 2007) deﬁned the solar extremeultraviolet (EUV)
ﬂux. GITMwas run with a resolution of 1.0∘ latitude by 4.0∘ longitude with a stretched altitude grid, resolving
the vertical scales to approximately one third of a scale height.
The TIE-GCM simulation had a resolution of 2.5∘ latitude by 2.5∘ longitude with 4 grid points per scale height.
Daily and 81 day averaged F10.7 were used to specify the solar EUV ﬂux in accordance with the EUV ﬂuxmodel
for aeronomic calculations (EUVAC) (Richards et al., 1994). Sincephotoionization is a primary source of TEC, the
diﬀerence in EUV ﬂux model between GITM and TIE-GCM could be important. Peterson et al. (2009) showed
that the EUVAC model prescribes a slightly higher solar irradiance power than the data on which the FISM
model was based. It is therefore expected that TEC from photoionization will be larger in TIE-GCM. The diﬀer-
ence between the two models is much greater during solar ﬂares (Strickland et al., 2007), but this should not
have aﬀected the primarily quiet time results shown here.
The neutral temperature at the lower boundary of TIE-GCM was ﬁxed at 181 K, with a constant density. Both
migrating and nonmigrating tides were included in TIE-GCM through the speciﬁcation of the altitude of the
bottom pressure level as speciﬁed by the Global Scale Wave Model (GSWM) (Hagan & Forbes, 2002, 2003).
Since the tides arepartly a result of solar EUV forcing, seasonal and local timevariations existwithin theGSWM.
Some of the diﬀerences in results between the two models throughout the day and/or year may therefore
be attributed to the diﬀerent lower boundary conditions. Since each model is dependent on its inputs and
drivers (e.g., Liuzzo et al., 2015), the results in this paper represent what occurred during typical model runs.
Uncertainties in internal model parameters also create diﬀerences between the models. These include the
photoelectron heating eﬃciency and eddy diﬀusion and thermal conductivity coeﬃcients. The photoelec-
tron heating eﬃciency deﬁnes what percentage of photoelectrons deposit energy into the thermosphere,
which aﬀects the temperature and the subsequent height of the thermosphere leading to varied recombina-
tion rates. An improved description of the photoelectron heating eﬃciency was developed by Burrell et al.
(2015) that led to improved thermospheric neutral density data-model comparisons. However, thermal con-
ductivity coeﬃcients were found to have the largest impact on thermospheric composition compared to
other uncertainties within the GITMmodel (Pawlowski & Ridley, 2009). Eddy diﬀusion coeﬃcients are known
to have seasonal dependencies (Garcia & Solomon, 1985) that inﬂuence thermospheric neutral density and
composition (Pilinski & Crowley, 2015; Qian et al., 2009). Unlike TIE-GCM, the GITM model does not currently
include a varied description of the eddy diﬀusion coeﬃcient.
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Figure 1. Locations of the GPS TEC observations in 2010. The geomagnetic latitudes corresponding ±30∘ and ±60∘ are
shown as the solid black lines.
Model results were compared to ground-basedGlobal Positioning System (GPS) receiver data provided by the
Madrigal database at Massachusetts Institute of Technology Haystack Observatory (Rideout & Coster, 2006).
Amap of the observational coverage separated intomagnetic latitude regions is shown in Figure 1. The abso-
lute accuracy of the slant-to-vertical-derived TEC provided byGPSmeasurements is on the order 1–3 TEC unit
(TECU) (Mannucci et al., 1998; Tsurutani, 2004), where 1 TECU = 1016 el m−2 . In each model comparison, the
total electron content was calculated by integrating the electron density over the full altitude range. Corre-
sponding values were then interpolated to the times and locations of the GPS observations. Since nearly all
of the results represent solar quiet conditions, spurious interpolation results from sharp TEC gradients were
assumed to be unimportant. The small contribution of electrons to the TEC in the region above the model
boundaries were ignored. Yizengaw et al. (2008) investigated the plasmaspheric contribution to TEC using
global GPS TEC data and JASON-1 TEC data. They found that the contribution varies with latitudes and local
timeswithminimumof 10%during daytime andmaximumof 60%at nighttime.Mazzella (2012) andMazzella
Jr. et al. (2017) analyzeda chainofGPS stations in theNorthern andSouthernHemispheres. They separated the
ionosphere electron content and the plasmasphere electron content (PEC) and found that the peak diurnal
vertical PEC varies between 1 and 6 TEC. Furthermore, the oscillating upper boundary of TIE-GCM may have
led to a diﬀerence in the height of integration compared to GITM. This was also neglected, since the density
of electrons above 500 km is generally an order of magnitude less than the F2 peak (Schunk & Nagy, 2004).
The primary metrics used to evaluate the models were root-mean-square error (RMSE), prediction eﬃciency
(PE), and normalized root-mean-square error (nRMSE). RMSE and PE are well described in Shim et al. (2012).
Note that a PE of 1 indicates a perfect prediction, 0 means that the model accuracy was on par with the
variance of the observations, and negative values indicate that RMSE was larger than the variance of the
observations. If the PE is negative, simply taking the average of the observations would have given a better
prediction of the TEC than the model. The formula deﬁning nRMSE is
nRMSE =
√√√√
∑n
i=1(yi − y
∗
i )2∑n
i=1(y
2
i )
(1)
where yi is the measured value and y
∗
i is the model value. The model performs best when nRMSE is near 0. If
the nRMSE is larger than 1, the data and the model have large diﬀerences, opposite trends, or both.
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Figure 2. (a and b) F10.7 and Dst followed by (c–g) daily averages of the TEC in ﬁve diﬀerent regions. GITM results are
plotted in blue, TIE-GCM in red, and observations in black. Note that the scale in the equatorial region in Figure 2e goes
to 25 TECU instead of 15. Each plot represents a 30∘ bin in geographic latitude. Figure 2c represents latitudes from 60∘
to 90∘, Figure 2d from 30∘ to 59∘, and so on.
3. Results
A map of the observational coverage separated into magnetic latitude regions is shown in Figure 1. Most
longitudes are represented in the results due to the daily averaging of the TEC in our analysis. However, note
that the coverage of the GPS TEC data is greater in the midlatitudes and equatorial regions than the polar
regions, especially in the Southern Hemisphere.
Figures 2c–2g show the GITM results in blue, TIE-GCM in red, and GPS observations in black for the entire year
of 2010. Figures 2a and 2b show the F10.7 and Dst indices for reference. All of the values in this ﬁgure are daily
averages. The GITM and TIE-GCM results were averaged over all longitudes for each 30∘ latitude bin shown in
Figures 2c–2g, with the exception of the equatorial bin in Figure 2e, which extends from −30∘ to +30∘. The
ﬁrst day of each month in the GITM simulations was omitted from the analysis to remove numerical eﬀects
introduced by restarting the simulation.
The F10.7 values in plot A exhibit the characteristic 27 day rotation of the Sun, but this period is not reﬂected
in either the observations or the models. While F10.7 has been shown to be a very good proxy for EUV ﬂux on
long time scales (Wintoft, 2011), a variation of 15 W/m2/Hz between solar rotations was not enough to drive
changes in average daily TEC values.
The year 2010was a relatively quiet year in terms of solar activity. The average daily Dst droppedbelow−40 nT
only ﬁve times. Some of the larger spikes in the Northern Hemisphere GITM TEC correspond with these days,
but not in the GPS measurements. Meanwhile, TIE-GCM had smaller increases in TEC in the southern midlati-
tudes, which did agree with observations. GITM overresponded to geomagnetic storms in terms of TEC in the
Northern Hemisphere, but not the southern.
TIE-GCM consistently underpredicted the GPS TEC at all latitudes and seasons, except for the polar win-
ters. This is contrasted with an underprediction by GITM during these times as is evident in December and
January of Figure 2c, which corresponds to latitudes above 60∘. Here the mean for TIE-GCM was 1.09 TECU
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Table 1
Normalized Root-Mean-Square Error (nRMSE) in TECU and Prediction Eﬃciency
(PE) for GITM and TIE-GCM Versus GPS TEC Observations
GITM TIE-GCM
nRMSE PE nRMSE PE
North polar 0.23 −0.31 0.37 −2.45
North midlatitudes 0.21 −1.57 0.43 −9.83
Equatorial 0.13 0.42 0.37 −3.34
South midlatitudes 1.88 −0.19 3.59 −3.32
South polar 0.45 −0.45 0.39 −0.07
All 0.58 −0.42 1.03 −3.80
Note. The values are taken from daily averages for the entire year of 2010.
above observations, but GITM was below by 1.14 TECU. For the months of May through July, below 60∘ in
the Southern Hemisphere winter, Figure 2g shows that GITM’s mean was 1.29 TECU lower than observations,
while TIE-GCM was only 0.64 TECU higher. Contributing factors to these results include diﬀerences between
the models in the EUV ﬂux model, chemistry, upper boundary conditions, and neutral winds. The seasonal
biases of each model are further investigated in the following sections.
The GITM TEC increased at all latitudes during the month of September, especially in the Southern Hemi-
sphere. While this does correspond to an increase in F10.7, the same could be said about other months such
as July where the GITM TEC stayed relatively constant at all latitudes. A similar, but less pronounced increase
occurs in GITMduringMarch, suggesting that this featuremay be related to equinox conditions. This has been
reproduced before in a version of TIE-GCM that included lower atmosphere dynamics (Mendillo et al., 2002)
and was postulated to be related to neutral winds instead of composition changes in the thermosphere.
At all latitudes, therewasmore TEC near equinoxes than solstices in both theGITM andGPS observations. This
was also true of TIE-GCM in the equatorial region, but still to smaller extent. These semiannual variations in
low andmidlatitudes have been observed before and are related to thermospheric temperature and density,
as well as the peak F2 layer height and electron density, hmF2 and NmF2, all of which peak near equinox
(Rishbeth & Mendillo, 2001; Rishbeth, 2004). The ability of GITM to capture this variation is possibly related
to the use of MSIS-E90 (Hedin, 1987) for the lower boundary condition of the thermosphere. Hedin (1987)
reported that the model has a minimum in atomic oxygen and molecular nitrogen in July, and a maximum
in October at equatorial latitudes. Furthermore, the semiannual variation in MSIS is stronger in the Southern
Hemisphere for oxygen, but stronger in the Northern Hemisphere for molecular nitrogen. Since oxygen is
the main constituent of the thermosphere, photoionization of more oxygen should lead to more TEC in the
Southern Hemisphere, which is what happened in GITM. Additionally, a stronger semiannual variation of N2
in the Northern Hemisphere will decrease the O/N2 ratio compared to the Southern Hemisphere, which will
dampen the variation there. This is another characteristic seen in Figures 2c and 2g.
The results from Figure 2 are quantiﬁed in Table 1 using the nRMSE and PE metrics. Each metric is shown
by geographic latitude, as well as for the entire globe in the ﬁnal row. nRMSE was used to account for the
diﬀerences in TEC magnitude between each latitude bin. While GITM was best in the equatorial region, it
performed much better in the Northern Hemisphere with nRMSEs of 0.23 and 0.21 for northern polar and
midlatitude regions. In the Southern Hemisphere, the nRMSE was 0.45 and 1.88, respectively. This suggests
that the model parameters in GITM may be overﬁtted to the Northern Hemisphere. TIE-GCM also performed
signiﬁcantly worse in the southern midlatitude region with an nRMSE of 3.59. TIE-GCM’s error was 10 times
smaller in all other regions, performing better than GITM in the southern polar hemisphere, but worse in the
Northern Hemisphere.
The PE for both models was negative at all latitude bins, except for GITM in the equatorial region. These are
startling results because they indicate that, even thougheachmodel producedTECwith anRMSEof less thana
few total electron content units, simply taking themeanof theobservationswouldprovide abetter prediction
of the globally averaged TEC during quiet times than either model in most cases. It should be noted that
the PE for TIE-GCM, GITM, and other models was found to be worse during quiet times than during storms,
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Figure 3. TEC in TECU versus MLT for both solstices at the top and equinoxes at the bottom. The results were averaged
over the entire month and all latitudes for each plot. GITM is represented by blue, TIE-GCM by red, and GPS observations
by the dashed black line. The RMSE for each model is displayed in the bottom left of each plot.
Figure 4. TEC in TECU versus MLT for both solstices at the top and equinoxes at the bottom for magnetic latitudes
greater than 30∘ in the Northern Hemisphere. The results were averaged over the entire month and all latitudes for each
plot. GITM is represented by blue, TIE-GCM by red, and GPS observations by the dashed black line. The RMSE for each
model is displayed in the bottom left of each plot.
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Figure 5. TEC in TECU versus MLT for both solstices at the top and equinoxes at the bottom for magnetic latitudes
greater than 30∘ in the Southern Hemisphere. The results were averaged over the entire month and all latitudes for each
plot. GITM is represented by blue, TIE-GCM by red, and GPS observations by the dashed black line. The RMSE for each
model is displayed in the bottom left of each plot.
presumably because an increase in the variance of observations decreases the PE (Shim et al., 2012). Addition-
ally, bothmodels had a signiﬁcantly worse PE in the northernmidlatitudes, approximately 3 times worse than
any other latitude region. Perhaps, this is expected, since physics from both the polar and equatorial regions
are important here. This trend was not true in the southern midlatitudes and will be investigated further in
section 3.2
In the polar regions, coupling with the magnetosphere and solar wind dominates the movement of both
the plasma and the neutrals in the upper atmosphere. As such, it makes sense to investigate each model’s
TEC results also in terms of magnetic local time (MLT). Additionally, viewing the TEC in magnetic coordinates
ensures that the equatorial anomaly stays within the equatorial latitude bin.
3.1. MLT and Seasonal Dependence
Figure 3 shows the TEC variation in MLT averaged over the diﬀerent solstice and equinox months. These data
were also averaged over magnetic latitude, such that this represents a global average of the TEC. The RMSE is
displayed in the bottom left corner of each plot. In all cases, TIE-GCM underpredicted the observations, with
RMSEs ranging from 2.1 TECU in December to 4.2 TECU in September. GITM’s results were muchmore varied.
During the solsticemonths, GITMalso under predicted the TEC, except in the dawn sector. During the equinox
months, GITM consistently overpredicted the TEC by up to 4 TECU on the dayside. The RMSEwas the same for
both equinox months at 3.1 TECU.
The June and December plots in Figure 3 reveal howmuch hemispheric asymmetry aﬀects globally averaged
TEC. If the rate plasma production was solely determined by insolation, these plots would have been very
similar. However, there was a ﬂattening of the postnoon TEC peak in both themodels and the observations in
June, the Northern Hemisphere summer. Furthermore, the maximum of this peak was 1.5 TECU lower than in
December in the GPS observations, 2.7 TECU for TIE-GCM, and 2.3 TECU for GITM. This phenomenon has been
widely observed and is known as the F2 layer annual asymmetry. It has been attributed to a combination of
neutral composition changes (Mendillo et al., 2005), inﬂuence of the lower atmosphere (Rishbeth, 2006), and
the separation of the geographic and geomagnetic axes combined with the change in distance from the Sun
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Figure 6. TEC in TECU versus MLT for both solstices at the top and equinoxes at the bottom for magnetic latitudes
between −30∘ and 30∘. The results were averaged over the entire month and all latitudes for each plot. GITM is
represented by blue, TIE-GCM by red, and GPS observations by the dashed black line. The RMSE for each model is
displayed in the bottom left of each plot.
Figure 7. NmF2 for GITM, TIE-GCM, and ionosonde observations in the blue and red lines and black dashed lines,
respectively. The columns show the results at four diﬀerent locations distributed by latitude. Results are averaged over
March in the top row and June in the bottom row. The labels in the top left corner of each subplot correspond to the
analogous TEC model results from the indicated previous ﬁgure and subplots.
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Table 2
Geographic andMagnetic Coordinates at Each Location
Coordinates Data coverage (day)
Geographic Magnetic March June
Nord, GL (81.4, 342.5) (81.4, 129.9) 31 30
Beijing (42.8, −116.2) (33, −165.5) 31 30
Sanya (18.3, 109.4) (8.21, −178.3) 31 30
Grahamstown (−33.3, 26.5) (−34.1, 92.1) 29 25
Note. Data coverage is also shown in the third and fourth columns for March
and June of 2010.
(Zeng & Horwitz, 2008). The diﬀerence between hemispheres is likely subdued since the largest contributor
of TEC is the equatorial region. To investigate this further, Figures 4–6 show the same parameters split into
latitudinal regions. Figure 4 represents allmagnetic latitudes above 30∘ in theNorthernHemisphere, such that
the midlatitudes and polar regions from Figure 2 are merged. Figure 5 is the same except for in the Southern
Hemisphere, and Figure 6 is the equatorial region, from −30∘ to 30∘ latitude.
Comparing Figures 4 and 5, a few notable diﬀerences arise both from model to model, and in the observa-
tions themselves. Starting with the observations during the solstices in Figures 4a and 4b and 5a and 5b, the
Southern Hemisphere TEC maximum varied from 12.5 TECU in December to 6 TECU in June but stayed rel-
atively constant between solstices at 8–9 TECU in the Northern Hemisphere. TIE-GCM performed very well
Figure 8. Global view of TEC for GPS observations averaged over the month of June 2010. The polar plots are the
Northern (left) and Southern (right) Hemispheres’ poleward of 60∘ geomagnetic latitude. The rectangle plot is divided
into the same latitude bins as Figure 2. The scale of the polar plots is half that of the rectangle plot.
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Figure 9. Global view of GITM TEC averaged over the month of June 2010. The polar plots are the Northern (left) and
Southern (right) Hemispheres’ poleward of 60∘ geomagnetic latitude. The rectangle plot is divided into the same
latitude bins as Figure 2. The scale of the polar plots is half that of the rectangle plot.
in bothwinter hemisphereswith anRMSEof less than1 TECU inboth cases. GITM’s RMSE ranged from2.0 TECU
to 2.6 TECU in the winter hemisphere, performing much better on the dayside than the nightside. In fact,
GITM had almost no TEC on the nightside in the winter hemisphere. This is contrasted with TIE-GCM which
had 3.5 TECU on the nightside during the summer and 3 TECU during the winter. The lack of nightside TEC in
GITM is because themodel does not includeplasmaspheric drainageback to the ionosphere during the night-
time (Lunt et al., 1999; Yizengaw et al., 2008), allowing the TEC in GITM to decrease to almost zero. TIE-GCM
speciﬁes a nighttime and daytime ﬂux from the plasmasphere that varies by latitude and solar zenith angle
(Richmond, 1992); however, it uses a ﬁxed magnitude. The observations during both summer hemispheres
indicated that TEC persists longer after dusk in the Northern Hemisphere. While both models did produce an
elongated TEC peak, they began decreasing around 16 MLT, compared to the observed 19 MLT.
Figure 6 shows the results for the equatorial region. At the June and December GPS TEC peak, GITM overes-
timated the TEC by 2–5 TECU and TIE-GCM underestimated it by 4–7 TECU. The TIE-GCM peak was between
12 MLT and 15 MLT similar to the polar regions. Also during the solstices, GITM had a TEC peak on the dawn-
side near 9 MLT. To elucidate this and the other features described in this section, detailed contour plots are
shown in Figures 8–10.
The above TEC comparisons suﬀer from a methodological ﬂaw in the sense that GPS measures the electron
content integrated from the ground to the satellite altitude at about 2×10−4 km, whereas themodels extend
only to roughly 600 km. Furthermore, the altitude of the upper boundary of TIE-GCM varies with pressure so
the upper bound of the TEC integration is not equal between the two models at all times. While the majority
of ionospheric content lies below the model boundary (Schunk & Nagy, 2004), it is possible that TEC contri-
butions between the upper boundary of themodels and the height of the GPS satellites is signiﬁcant enough
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Figure 10. Global view of TIE-GCM TEC averaged over the month of June 2010. The polar plots are the Northern (left)
and Southern (right) Hemispheres’ poleward of 60∘ geomagnetic latitude. The rectangle plot is divided into the same
latitude bins as Figure 2. The scale of the polar plots is half that of the rectangle plot.
to inﬂuence conclusions drawn from the TEC comparisons. It is important to consider howmuch bias is intro-
duced into the results presentedhere resulting from theunderestimationdue to thediﬀerences in the altitude
of integration.
To investigate this, the models were also compared to ionosonde NmF2 data, compliments of the Lowell
GIRO Data Center (LGDC), at four diﬀerent geographical locations in Figure 7. The geographic and magnetic
latitudes of these locations, as well as the data coverage that was available for March and June, are shown
in Table 2. The locations were chosen to optimize data availability and latitudinal dispersion. An ionosonde
was found for the northern polar (Nord), midlatitude (Beijing), and equatorial (Sanya) regions, as well as the
Southern Hemisphere midlatitudes (Grahamstown). To get the trend of the NmF2 in March and June 2010,
data of each hour were averaged over the entire month at each location. Missing data were neglected in
the averaging.
Figure 7 shows results for each location in the columns, withMarch in the top row and June in the bottom row.
Since each subplot is analogous to a subplot from the previous three ﬁgures, the corresponding plot is indi-
cated in the upper left-hand corner for each subplot. The NmF2 results mirror those from the TEC comparison
in Figures 2–5, conﬁrming the conclusion that TIE-GCM generally underpredicted electron densities during
the daytime, whereas GITM was either close or an overestimate of the observations. A good example of this
was in June atGrahamstown in the southernmidlatitudes,whereGITMoverestimated theNmF2bymore than
2 times and TIE-GCM did very well. This is contrasted to Figure 4b, where GITM was a slight overestimate and
TIE-GCM was an underestimate of the GPS TEC. Both models increased relative to the observations, but the
general trend remained intact. Following the same comparisons throughout Figure 7 reveals that as expected,
both models increased relative to the observations, but not enough to change that the result that in most
cases, TIE-GCM underestimated the observations and GITM overestimated them. While the ionosonde data
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Figure 11. TEC for the GPS results averaged over March of 2010. Note that the scales are higher than the June ﬁgures.
at a particular time do not have as much longitudinal coverage as the GPS data, this comparison indepen-
dently veriﬁes the results from Figures 2–5.
The lack of plasmasphere in GITM surfaces again in Figure 7 where NmF2 is nearly 0 in most case during
the nighttime. This is yet another reason to believe that the GITM results could be a further overestimation,
since if a plasmasphere was added, the NmF2/TEC simulation results would be even greater. Yizengaw et al.
(2008) investigated the plasmaspheric contribution to TEC using global GPS TEC data and JASON-1 TEC data.
They found that the contribution varies with latitudes and local times with minimum of 10% during daytime
and maximum of 60% at nighttime. Mazzella (2012) and Mazzella Jr. et al. (2017) analyzed a chain of GPS
stations in the Northern and Southern Hemispheres. They separated the ionosphere electron content and the
plasmasphere electron content (PEC) and found that the peak diurnal vertical PEC varies between 1 and 6 TEC.
3.2. TEC Maps
Amore detailed viewof the TEC is required to uncover reasonswhy themodelsmay have the particular biases
described in the previous sections. For the June solstice, Figures 8–10 show TEC maps for GPS observations,
GITM, and TIE-GCM, respectively. In each ﬁgure, theNorthern and SouthernHemispheres are shownpoleward
of 60∘ geomagnetic latitude in the left and right polar plots, respectively. TEC for the entire planet versus
local time is shown in the rectangle plot, separated by the same latitude bins as Figure 2. These ﬁgures were
averaged over the entire month of June to dampen the signal to noise ratio of the plots in addition to diurnal
variations and the peak of each solstice. Since they are in local time coordinates, any longitudinal features
were also erased which helps to compensate for the sparse data coverage over oceans. Viewing the entire
month allowed patterns to emerge rather than possible transient structures that may have existed on the
actual solstice. All of the results were taken at the vertical TEC locations, and the averaging and plots were
made exactly the same way with the observational data and models.
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Figure 12. TEC for the GITM results averaged over March of 2010.
The structure of the GPS TEC in the polar region of the Northern Hemisphere in Figure 8 was diﬀerent than
expected considering just photoionization alone, since one might expect that the electron density would
decrease from thedayside to thenightside in accordancewith the solar zenith angle. The TECwrappedaround
the globe extensively, creating a TEC hole between 75∘ and 85∘ from 23 to 02 LT. The TEC hole may have
been created by the E × B ion drift transporting plasma downward on the nightside into a region of higher
neutral density where charge exchange and recombination rates are faster. Deng (2006) suggested that ions
are advected upward on the dayside into the F region ionosphere, transported toward the nightside, and
advected downward. This happens because on a nonvertical magnetic ﬁeld line, the E × B drift can have a
component in the vertical direction, which tends to be downward on the nightside, resulting in a hole, and
upward on the dayside, resulting in a tongue of ionization.
The TEC in the northern polar latitudes in the GITM simulation was stratiﬁed across the polar cap predom-
inately in accordance with solar zenith angle-dependent photoionozation. The upper left plot in Figure 9
shows that the TEC steadily decreased from about 10 TECU at 12 LT to 4 TECU at 00 LT at 60∘. The TEC hole in
the polar cap was not reproduced. The polar winter hemisphere was similarly stratiﬁed on the dayside, with
elevated TEC in the auroral region.
The GITM dayside equatorial TEC maximum did not spread into the midlatitudes nearly as much as the GPS
measurements. For example, the GITM TEC dropped to 50% of its peak value by 28∘ latitude at 12 LT. This is
contrasted with nearly 40∘ in the GPS TEC. Furthermore, there was a deep TEC minimum on the nightside at
midlatitudes which likely corresponded to the lack of plasmaspheric reﬁlling in the model. This also occurred
in the Southern Hemisphere middle and polar latitudes. However, many electrons persisted in the nightside
ionosphere in GITM in the equatorial region. The equatorial anomaly in GITM is exceedingly eﬃcient at lifting
plasma in this region, possibly resulting in the nightside enhancement as well as the faster decline in TEC
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Figure 13. TEC for the TIE-GCM results averaged over March of 2010.
towardmidlatitudes. This occurs because as plasma is lifted to higher altitudes, the neutral density is less and
recombination happens more slowly, allowing electrons to persist longer.
TEC in the TIE-GCM simulation had a diﬀerent structure than in either GITM or the GPS observations. Shown
in Figure 10 for the same time period, the TEC in both polar regions was nearly uniform between 2.67 and
4.00 TECU. While the plasmaspheric drainage sustained the polar winter TEC, a TEC decrease in the polar cap
did not evolve. An equatorial anomalywas not as present in the TIE-GCM results, but the single TECmaximum
in the equatorial region was positioned closer to the observations between 12 and 17 LT at 5∘ latitude in the
Northern Hemisphere, whereas GITM had a broad TECmaximum from dawn to dusk. Except for the southern
polar region, the nightside TEC in the TIE-GCM simulation was also smaller than in the observations, but to a
lesser extent than in GITM.
Bothmodels reproducedthestructureof theGPSTECobservations relativelywell duringMarch. Figures 11–13
showcontour plots of the TECaveragedover themonth for theobservations, GITM, andTIE-GCM, respectively.
Note that compared to the June ﬁgures, the maximum scales are increased to 50 TECU in the rectangle plot
and 25 TECU in the polar plots.
The GPS observations had a couple distinguishing features. The ﬁrst is that the most TEC resided between
12 and 18 LT from −8∘ to −15∘ latitude. In September, this peak occurred in the Northern Hemisphere (not
shown). TIE-GCMmatched the local times of themaximumbut peaked closer to the equator, with narrow TEC
enhancements from the equatorial anomaly. GITM peaked much later in the day, from 14 to 17 LT, as well as
in the Northern Hemisphere near 10∘ latitude.
The second feature is that there was an extension of the equatorial TEC into the duskside, extending from 15
to 00 LT. The observations were characterized by TEC extending from 17 to 20 LT as well as at 0∘ and−9∘ that
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Figure 14. O/N2 ratio for GITM at the top and TIE-GCM at the bottom at 12 UT on 21 March 2010. The solid black line is
the geomagnetic equator. The nightside is indicated by the shaded region.
aremost visible by the contour lines from21 to 23 LT. TIE-GCMcaptured this structure verywell butmissed the
smaller scale extensions. The opposite was true of the GITM results, where even more TEC extended toward
the duskside, especially in the Southern Hemisphere.
Contour plots for the December and September months are not shown primarily because they were similar
and/or lacked signiﬁcant features. In December, the structure of the GITM and TIE-GCM simulations were very
similar to June with the hemispheres reversed.
Thematic of the results was a tendency for GITM to overestimate the GPS TEC observations, and for TIE-GCM
to underestimate them. There are four main factors that may have contributed to this bias in either model:
(1) EUV ﬂux model, (2) boundary conditions, (3) neutral winds, and (4) chemistry.
Asdiscussed in section2, the TIE-GCMsimulationsused theEUVACmodel,whichhasbeen shown toproducea
higher solar irradiancepower than the FISMmodel that GITMused (Peterson et al., 2009). Since this is opposite
of what occurred in the simulations, it is unlikely that the EUV ﬂux model was as important to driving the
diﬀerences in TEC as the other three factors mentioned above. In the nightside midlatitudes of GITM the TEC
is depleted very quicklywith no reﬁlling from the plasmasphere. This is an obvious feature inGITM that should
be corrected. Despite this regional lack of TEC, GITM still overpredicted the TEC as a whole during most of
the year considering all latitudes, and even more so during the equinoxes. More regional diﬀerences may be
attributed to lowerboundary conditions, especially concerningatmospheric tide speciﬁcations in eachmodel.
Since tidal features are often bound to speciﬁc regions and altitudes, it is expected that the primary reasons
for the TEC diﬀerences between TIE-GCM and GITM were related to chemistry and neutral winds.
Figure 14 shows O/N2 ratios for both models at 12 UT on March equinox. The ratios were calculated by inte-
grating the O and N2 densities from the top of the model down to the altitude where the N2 density was
equal to 2× 1021 m−3. The GITM ratios were much higher than TIE-GCM at nearly all latitudes and longitudes.
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Figure 15. Distributions of the neutral wind magnitude for GITM in black
and TIE-GCM in red at 300 km. These were calculated at 12 UT on
21 March 2010.
A higher O/N2 ratio leads to more TEC through increased photoelec-
tron production and/or decreased charge exchange involving N2. The
larger GITM ratios are therefore consistent with the TEC results where the
model produced considerably more TEC than TIE-GCM. Another feature
of Figure 14 is the gradient in the O/N2 ratio from the equator to the
poles. In GITM the ratio was about 1.0 at the equator, which then gradually
decreased to no less than 0.45 at the poles. The TIE-GCM ratios had essen-
tially two levels. The ratio was around 0.5 for most longitudes between
−60∘ and60∘ latitude, butbelow0.25polewardof there. IfO/N2 ratioswere
the only factor causing the TEC diﬀerence, this dichotomy between ratios
in TIE-GCM should have driven a large diﬀerence in TEC between latitudes
in the yearly TEC results in Figure 2, but this did not occur.
Neutral winds can also enhance or reduce the TEC by pushing ions up or
down magnetic ﬁeld lines to altitudes with diﬀerent recombination rates.
Consequently, the stronger maxima and minima of the TEC in GITM could
be explained by stronger neutral winds. Figure 15 shows the distribution
of the neutral wind magnitudes for TIE-GCM in red and GITM in black at
300 km at 12 UT on March equinox. The GITM distribution is shifted to the
right of TIE-GCM, indicating strongerneutralwinds that are consistentwith
the TEC results. TIE-GCM rarely hadwinds faster than 200m/s and almost none above 350m/s, whereasGITM’s
high wind speed tail extended to nearly 450m/s, often with winds around 240m/s. This had the potential for
the stronger driving of ions up and down ﬁeld lines, resulting in larger and smaller TEC values, which is what
was observed in the GITM results.
4. Summary and Conclusions
This studypresented a year-long analysis of GPS TECobservations comparedwithmodel results fromTIE-GCM
and GITM during 2010. A number of seasonal and local time biases were revealed in the models in addition
to some phenomena that neither model captured. The main ﬁndings are described below.
1. For the simulation settings described in section 2, TIE-GCM underpredicted the TEC during all seasons and
latitudes except for polar winters, whereas GITM primarily overpredicted the TEC. This resulted primarily
from chemistry and neutral winds. GITM had much higher O/N2 ratios and stronger neutral winds than
TIE-GCM.
2. GITM performed best in the Northern Hemisphere with decreasing accuracy toward the south pole. Since
model development is often focused on the Northern Hemisphere due to data availability, this result sug-
gests that GITMmay be overﬁtted to the Northern Hemisphere. The smaller sample size of observations in
the Southern Hemisphere or larger oﬀset of the geomagnetic pole may have also contributed to this bias.
TIE-GCM performed best in the polar regions with decreasing accuracy toward the equator primarily due
to less TEC near the subsolar point combined with a weaker equatorial anomaly.
3. GITM had almost no TEC on the midlatitude nightside since the model does not include plasmaspheric
reﬁlling processes. The equatorial anomaly in GITM was very strong and contributed to TEC persisting on
the duskside after being lifted to high altitudes. The equatorial anomaly was very weak or not present in
TIE-GCM, but the TEC values near midnight were consistent with observations.
Future research projects should take these biases into consideration and use the model that best represents
the time or region of interest. This study focused primarily on quiet time TEC comparison. These results also
demonstrate that although the current models often reproduce the magnitude and structure of the TEC
throughout the course of a year, they still require more development as is evident by negative prediction
eﬃciencies.
The results presented in this study highlight a few areas where GITM and TIE-GCM may be improved. The
chemistry represented by the O/N2 ratio was shown to be very diﬀerent between the models and is very
important for accurately modeling TEC. GITM currently does not have a variable eddy diﬀusion coeﬃcient,
which causes vertical mixing of neutrals, uplifting N2, and reducing O (e.g., Forbes, 1996; Immel, 2005;
Scherliess et al., 2008). The TIE-GCM model TEC varied signiﬁcantly less over the year than the GPS observa-
tions andGITM, suggesting that seasonal eﬀectsmay bemissing, which could also be related to theO/N2 ratio
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(Rishbeth et al., 1987; Rishbeth & Müller-Wodarg, 1999). Variations in the neutral wind speeds between the
models also inﬂuenced the TEC. Models validation eﬀorts for both the neutral winds and O/N2 ratios would
go a long way to improving the ability of the models to reproduce observed quiet time TEC values.
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